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Abstract: F'undamental limits on [requencyv-domain optical storage using persistent spectral
hole-burning follow from both the expected configuration of the storage svstem and from
physical cffects such as the photophysics of the light-induced reaction in the material, photon
quantum (shot) noise, and statistical {luctuations in additive random quantitics.  When
frequency-domain reading and writing in locused spots is considered, the large class of
single-photon materials can be shown to have serious limitations (rom a signal-to-noise point
of view. This has stimulated interest in photon-gated materials which effectively have a
threshold in the writing process, controlled by a second light beam of a diffcrent color.
Fundamental statistical limits on persistent spectral hole-burning can also be illustrated using
recent measurcments ol statistical (inc structure in solids.  Other recent experiments in which
the abs rption spectrum of a single absorbing molccule in a solid was measured represent
an cxtreme limit on persistent spectral hole-burning cffects. P

CACCeai. ot o
NTIS ot \j |
DTS ran i
U o R o '
Qv '
By
Distag e
b —— - [
Ao i ‘ v

e e e e e .- e s

Dist ( e ] i

pel oo




PERSISTENT SPECTRAL HOLE-BURNING: PHOTON-GATING AND
FUNDAMENTAL STATISTICAL LIMITS

W. E. Moerner
IBM Research Division, Almaden Research Center
K95/801, 650 Varry Road, San Jose, CA, USA 95120-6099

ABSTRACT: TFundamental limits on frequency-domain optical storage using persistent
spectral hole-burning follow from both the =xpected configuration of the storage system and
from physical effects such as the photophysics of the light-induced reaction in the material,
photon quantum (shot) noise, and statistical fluctuations in additive random quantitics.
When frequency-domain reading and writing in focused spots is considered, the large class
of single-photon materials can be shown to have serious limitations from a signal-to-noise
point of view. This has stimulated interest in photon-gated materials which effectively have
a threshold in the writing process, controlled by a second light beam of a different color.
FFundamental statistical limits on persistent spectral hole-burning can also be illustrated using
recent measurements of statistical fine structure in solids. Other recent experiments in which
thc absorption spectrum of a single absorbing molccule in a solid was mecasurcd represent

an extreme limit on persisient spectral hole-burning effects.

1. INTRODUCTION

Persistent spectral hole-burning (PSHB) [[] 1s a process whereby “marks”, or “holes”,
arc made in the inhomogencously broadencd absorption linc of guest centers in an
amorphous or crystallinc host matrix by frequency-selective  photochemistry  and/or
photephysics. PSHB is an active arca of current rescarch for two main rcasons: (1) spectral
holes are uniquely scnsitive probes of guest-host interactions, perturbations by external ficlds,
and the complex distributions characteristic of polymers and glasses(2], and (2) the presence
or abscnce of spectral holes may in the futurc be used to store digital data in an extremcly

high density frequency domain optical storage system (I'DOS)3].




If one steps back from the dctailed PSHB propertics of a single material, several general
limits on the PSHE process may be recognized. To be usefl for optical data storage where
bits are stored in focused spots and rcad out by scanning a tunable laser{4], it seems fairly
clear that single-photon processes have severc signal-to-noisc limitations{5] and therefore
must be replaced by gated hole-burning mechanisms that can bc rcad nondestructively[6].
Another fundamental limit derives from the recently-observed statistical fine structure
(SES)[7]. an intrinsic property of all inhomogencously broadened lines, which represents the
shallowest spectral feature that can be detected within such lines. A third limiting regime
for PSHB is suggested by recent measurements [8] of the optical spectrum of a single
molecular impurity in a solid: can PSHB occur for one, single impurity center, yiclding true

molecular or atomic storage?

2. LIMITATIONS ON SINGLE-PHOTON MECHANISMS

Turning first to the limits of single-photon mechanisms for frcquency-domain optical
storage applications, 1t must be recognized from the outsct that the utility of a particular
material for FDOS depends somewhat upon the actual storage configuration. For the case
of frequency-scanned readout in small focused spots, singlec-photon processes provide
sufficient signal-to-noise ratio only over a very limited paramcter space[5]. For definitencss,
we assume the following about the optical storage system: (i) the writing and reading times
are on the order of 30 ns/bit, (ii) the focal volume in which many frequency-domain bits
are stored is 10 um in diameter by 100 um thick, and (iit) the rcadout signal-to-noise ratio
must be greater than or cqual to 26 dB in the full recading bandwidth. The key point is that
all these properties must be present simultancously: the material must have the ability to
form dcep holes in short burning times and yet allow [ast reading at high signal-to-noise
ratios with focused beams. These recasonable requirements place scveral well-defined
constraints on the dynamical properties of the hole-burning mechanism.

IF'or example, a material with low hole-burning cfTicicncy would be quite casy to read
without scrious Jdestruction of the written holes, but such a system would be difTicult to write
with high contrast in short burning times. Converscly, a svstem that shows fast burning
duc to a high quantum efTiciecncy for hole production would be difficult to read without
burning of thc . nwritten centers by the tightly focused reading beam. Thus, the cssential
problem with sit  photon processes is that there is no threshold in the hole formation
mecchanism.  The process of hole dctection requires the absorption of photons by the
remaining unburncd centers, and if high powers arc nccessary to detect the dip in the
absorption line with adequatce signal-to-noise, the hole pattern can be destroved by the
rcading laser beam (i.c., a “trench” can be formed over the spectral region probed by the

reading lascr).




To wunderstand this problem more fully, wec review an analysis[S] of the coupled
reading-writing problem in small spots for materials with monophotonic or single-photon
hole-burning mechanisms. The material is characterized by two microscopic parameters: the
peak low temperature absorption cross section o, and the hole-burning quantum efficiency
1[9]. The plan of the analysis involves using simple ratc cquations to compute the largest
hole depth that can be produced in 30 ns. Then one computes the read signal from the
resulting hole (in transmission) for a 30 ns reading time, requiring that the readout SNR is
large cnough for practical digital data retricval. The deepest hole that can be burned in 30
ns has relative depth near 7, because with excited state lifctimes on the order of 10 ns, each
center can absorb at most only a few photons. During reading, the detection process is
assumed to be quantum (shot) noise limited, and the reading laser power is increased until
the required SNR of 26 dB in 16 Mliz bandwidth is reached, or until power broadening

occurs due to saturation. The resulting SNR can be expressed as

SNR = (1o FrAT/2)' no L exp( — a,L/2), (1)

where 7 1s the detection quantum efficiency, I'r is the reading photon flux, A is the laser
spot area, g is the reading time, L is thc sample length, and o, is the initial absorption
coefficient before burning. This is the SNR for the first read expressed in terms of a current

ratio (or equivalently, voltage ratio across a fixed resistance).
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Fig. 1 Allowed region of cfficiency », number density of centers at w, and cross section o
in order for the first read to yield acceptable SNR. The various abbreviations are defined
in Ref. [5].

Figure I shows the region in the #—a planc in which Iiq. (1) viclds SNR > 20 (voltage
ratio). The analysis assumes that the sample absorptivity has been previously set to the

value o,l. = aN, L =2 which can be shown to vield the optimum SNR [5]. hence the
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concentration of centers N, necessary to keep my fixed (top axis) must decrease as the cross




section increases. The concentration N, refers to the number density of centers within one
homogeneous lincwidth of the burning laser frequency w; the total concentration of centers
would be larger approximately by the ratio of the inhomogencous to homogencous widths.
The triangular region in the figure represents the class of materials that would yield
acceptable signal-to-noise ratios for the [irst read after burning a single hole. This means
that a useful singlc-photon material must have low absorption cross scction and high
quantum cfliciency, with sufficient solubiiity in the host to permit the concentrations shown
on the upper axis. The boundaries of the allowed region are defined by an upper limit on
the practical valuc of » that can be reached without holc broadening due to excessive
photochemistry, an upper limit on the tolerable density of centers at @ without undesirable
intercenter interaction, and the requirement that during readout the reading intensity be kept
below the saturation intensity for the transition. The various svmbols locate a representative
class of previcusly studied single-photon materials, none of which fall within the allowed
region for the first read.

So far, only the SNR requirements for the first rcad dircctlv after writing have been
considered. Ilowever, onc realizes very quickly that at the power levels regiired to achieve
usable SNR, the entirc absorption line scanned by the reading lascr is gradually burned ey
during each successive read. It is possible to determine M°, the number of rcads that can
be achieved for cach # — o pair before the SNR drops to unacceptable levels (scc Ref. [5]).
Near the power broadening boundary linc and in the upper right portion of the allowed
triangle in Fig. 1, the number of reads is fairly simall and a practical storage system bascd
on such materials would requirc excessive rcfreshing capability.  Much better performance
results in the upper left corner, 1. ¢., at high quantum cfTiciency and low absorption cross
scction. I'rom the physical point of view, high # is nceded so that the hole produced in the
30 ns burning time is as deep as possible, thus less reading laser power is required. Low
cross section means that more photons pass by a given center without absorption, and these
photons can then improve the SNR at the detector. FFor materials in the upper leflt corner
of the triangie with # necar 0.1 and o near 1013 cm®, thousands to tens of thousands of reads
can be achicved before refresh is required.

The results in Figure [ show that a well-defined challenge exists for scientists in the field
of PSHB: find singlc-photon materials that have values of qu:mt.um cfliciency and cross
scction that fall within thc allowed rcgion, as well as solubilitics that allow concentrations
shown along the top axis. Onc might look for hole-burning in parually allowed transitions,
such as n-n transitions of organic molecules and Jd-f transitions of divalent rarce earth
systems. Fowever, the paramcter space of uscful y-¢ valucs iz semewhat small. This is a
result of the unfortunate fact that detection of spectral hole means measuring the absorption
from centers that have not left the inhomogenecous line. In other words, writing of unwritten

centers can occur during reading, and this problem is most scvere under the conditions of




high data rates with tightly focused laser spots. Such a limitation with single-photon
processes is not too surprising when one recognizes that cssentially all currently practical
long-term storage technologies feature some type of hvsteresis or threshold in the storage

mechanism.

3. PHOTON-GATED PROCESSES FFOR PERSISTENT SPECTRAL HOLE-BURNING

The lack of a threshold in single-photon processes for PSIHB prompted a search in many
laboratories for gated PSHB mechanisms, where a sccondary gating field in addition to the
frequency-sclecting light beam must be present for persistent spectral hole formation. In the
class of photon-gated mechanisms[6], a secondary light ficld usually at a different wavelength
1s required for the photoreaction leading to writing.

The first requirement for gating is that irradiaticn with the {requency-seiective wavelength
causes no persistent photoinduced change in the absorbing center. I{owever, when the center
has been placed in the excited state by absorption of a frequency-selecting photon and an
external “gating” photon is present, a photoinduced change occurs and the center enters a
new ground state or permanent reservoir that no longer absorbs at thc site-selecting
wavelength.  The “dip” or region of reduced absorption that is left behind in the
inhomogeneous line is the resulting spectral hole that can be detected nondestructively by
scanning the frequency-selecting wavelength and measuring the absorption (1.e., by the
ground state population that has not reacted). In this manner, gated mechanisms add a
crucial threshold to the hoiec formation process. which allows the writing and reading

processes to be uncoupled.
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Iig. 2 (a) Optimal level structure of a three-level photon-gated PSHB mechanism. The
absorption should be small in the circular regions. (b) Optimal level <tructure of a four-level
photon-gated PSTIB mechanism.




Figure 2 illustrates some general requirements on three-level and four-level photon-gated
PSIIB mechanisms in order to achicve high overall efficiency and high gating ratio, where
the gating ratio is a measure of the cfficiency of two-color hole production divided by the
efficiency of one-color hole production with 4, alonc[10]. While the exact materials
requirements depend strongly upon the actual system configuration and signal-to-noise
requirements, some general comments about the required level structure can be made.

The left side of Fig. 2 illustrates the three-level system which is the common
configuration for many inorganic materials. A first requirement is that 4, should be larger
than 1, so that the site-selecting beam cannot also casily act as the gating beam. The
absorption in the circular regions should be small to reduce one-color burning (by three 4,
photons, case a) or bleaching by the gating light (by two 1, photons, case b). The lifetime
7 of the intermediaie state 2 should be long enough to allow large populations to build up
in this state for further excitation to the reactive levels 3. In cascs where t i1s much larger
than the data access time the storage material does not have to be exposed to both photon
energics simultancously. Further, there is no fundamental nced for a frequency-sclective
narrow-band transition from level 2 to level 3; however, in certain instances, narrow-band
icvels 3 involving transitions with high peak cross sections may be prefer ble to a continuum
absorption such as a conduction band. The microscopic yield # from the rcactive levels 3
should be as large as possible for high overall gating efficiencv.

In principle, systems with 1, =4, can exhibit gated PSHB in the scnse that the
hole-burning yield is nonlinear with laser intensity[11]. For example, at low powers the hole
formation rate may scale quadratically with laser power, whereas at high powers level 2
saturates and the hole formation rate scales lincarly with laser power. (This is simply
two-phnton photochemistry with a resonant intermediate statc.) However, in actual
situations, signal-to-noise requirements often require that the recading laser power be so large
that the quadratic regime cannot be utilized. In addition, the requirement of non-destructive
rcading makes it desirable to usc systems with 4, # A, permitting complete decoupling of
rcading and writing processcs.

The night half of Fig. 2 illustrates optimized photon-gated PSITB with a four-level systemn.
Here the intermediate state 1 is distinct from state 2, which allows independent eptimization
of the level lifetimes. This level structure occurs quite commonly for organic materials in
which states | and 2 arc part of the singlet manifold and level i is the lowest triplet state.
The required lifetime 7 of level 2 will often be determined by a combiration of the required
hole width, data ratc, and absorption strength. For example, if t is too short, the holes
will be necessarily broad. IFor efficient gated PSHB the ( 2 — 1) rate ', should be as large
as posstble consistent with the requirement that the lifetime of level 2 not be too short.
[‘'urther, a long intermediate state lifetime 1 would be advantageous in achieving a large

population i level 1. Tt s evident that absorptions 2 -» (a). | » (b), and 1 -» (¢) involving




photons of frequency @,, w,, and w,, respectively, should not be large in r to prevent
undesired blcaching and ineflicient excitation of interfering levels. Of course, tne microscopic
yield » from the photorcactive levels 3 should be as large as possible for efficient
photon-gating.

To date, a number of inorganic and organic examples of photon-gating have been found.
The reader is referred to two recent reviews on the subject for references to specific
materials[12,13]; only general remarks will be made here. While the inorganic systems are
generally crystalline and thus have narrower low-temperature hole widths, the absorption
cross section is often low. One outstanding material in this class is actually the first material
to show photon-gating: Sm2* icns in BaClIF crystals[14]. This matcrial has high gating
ratio, and has shown the novel property [15] that holes burned at liquid helium temperatures
may be cycled to room temperature for some hours, after which the holes can still be
detected after recooling to low temperatures. ['or the organics on the other hand, the cross
section is usually high, but reversibility may be harder to achicve. IFor onc donor-acccptor
class of materials [16] consisting of a Zn-tetrabenzoporphyrin derivative with halomcthanc
acceptors in PMMA, fast (8 ns) burning of dctectable spectral holes in (ocused laser spocs
has been observed[17]. In recent measurements[ 18], the gating ratio of onc member of this
donor-acceptor class has been found to increase with temperature from a value of ~100 at
1.6K (0 ~10,000 at ~ 100 K. This is most likely duc to the photophysical naturc of the
onc-color hole-burning: at higher tempcraturcs, higher barricrs must be surmounted to
produce a persistent onc-color hole. The photochemical clectron-transfer process operative

for two-color irradiation is not temperature dependent.

4. OPTIMAL PHOTON-GATED MATERIALS

Using a signal-to-noise analysis similar to that in Scc. Z, the optimal materials properties
for photon-gated materials may be derived for the case of (requency-domain readout[10].
Onc has to again makc some assumptions about the performance characteristics of the
frequency domain optical storage system, and we follow the considerations of Ref. [S].
We assume that a transmission measurement technique s used for the data rcadout. Data
arc cincoded in the frequency domain by the presence or absence of narrow spectral holes,
cach of which represents a characteristic absorption change Ao, where a = aN,, is the
absorption ceeflicient Tere, a, 1s the low temperature absorption cross scction of the
frequency-selecting optical transition and N, is the concentration of optically active centers
that arc within a homogencous linewidth of the laser frequency o I Ny is the overall
concentration  of  centers  whose  resonance  frequencics  are  distributed  over  the
imhomogencousty broadened transition, N, = (Awp/Aa,) N

A uceful quantity for modeling of photon-gated materials 1< the cflective hole-burning

vield 7., which is defined as the relative absorption change .- Ar/o, that 1s produced by




persistent spectral hole-burning during the writing time of 30 ns. Due to the complex nature
of gated PSHB processes, the hole-burning yield depends critically on the specific properties
of the PSHB material as well as on the writing conditions. [t is obvious that it is desirable
to optimize the writing conditions to produce the largest vield ., possible.

IFor data rcadout 1t is essential to discriminate between the optical transmission
associated with a spectral hole and the original lower transmission characterizing the absence
of a hole. The differcnce between the two corresponding photocurrents defines the amplitude

of the reading signal § that has to be detected,
S =eno(Plhay{ exp[ — (1 — o N L] —exp( - o, N,_ 1]}, (N

where P is the laser power impinging on the photodetector, hn is the photon energy, 1. is
the thickness of the stoerage medium, and ¢ is the clectronic charge.  Assuming
shot-noisc-limited detection the rms noise current averaged over the reading time T 1S given
by

N = {¢ no(Plhit )l exp( — (1 — )a N 1) 4 expl - a,N_ 1)1 (3)

gs. (2) and (3} definc the achicvable signal-to-noise (voltage) ratio, SNR — 8/N. We take
SNR = 20 (voltage ratio) in a rcad time of 30 ns as the minimum value required for a
practical storage system. Most of the paramecters in Eqs. (2) and (3) are determined by the
storage material itself. Thus, Iigs. (2) and (3) can be used to identifyv suitable combinations
of material parameters so that SNR > 20,

In principle, the signal-to-noisc ratio can be improved by increasing the read power.
For simplicity here, we place a reasonable limit on the reading nower of 10 mW.  Further,
we rule out excessive power broadening during readout by choosing a phenomenological
limit on the laser power focused on the storage medium: P < 2Ahw/a,rp, where A = 7.9
x 107 cm? is the lascr beam arca corresponding to a beam diameter of 10 gm.

With these considerations it is now possible to identifv suitable material parameters o,
Ne. L, and ne which result in SNR > 20 It is meaningful to classify materials by a
c~ncentration-thickness product N, L, as long as the material thickness T does not exceed
the depth of field (as given by the Rayleigh range) associated with the focuscd laser beam
of 10 pm diameter, .. L < 100 gm. Identifying materials by suitable combinations of a,
and N1 usirg the hole-burning vicld «« as a parameter is particularly helpful for establiching
guidelines for the scarch of promising PSHB materials, and this 15 done in ipure 3.
Materials within the shown boundarics for particular values of 3, permit data readout with

a signal-to-noise voltage ratio SNR > 20 using the reading conditions described abave.
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Fig. 3 Materials constraints for gated PSHB materials in order to achicve practical §/N
ratios. The various regions and symbols are defined in the text. To illustrate the effect of
increased laser power, the dotted line shows the ». boundary for 100 mW reading power.

It is illustrative to describe the physical meaning of the boundaries in Figure 3. For high
cross scctions o, and large values N,I. the optical absorption becomes very strong.
Consequently hittle light power impinges on the photodetector and the signal-to-noise ratio
is low. T'or high o, and low values N,I. the achicvable signal-to-noise is limited by the laser
power that induces saturation broadening of the spectral holes. IFor o, < 10" em?® the
available laser power of 10mW is lower than the saturation power and thus defines the SNR
lmit. At the top of the figure, undesirable interactions between the optically active centers,
c.g.  cnergy migration and cooperative cxcited-state quenching, can restrict the usable
concentration of centers; this Iimut is highlv material dependent. With a maximum material
thickness of T = 100m, N1 is ultimately limited to ~ 10" ¢m 2 since the corresponding
total concentration of centers Ny, approaches the densitv limit of solid-state materials, In
the fabrication of materials containing optically active centers it is usually not a problem
to choose verv low concentrations. lowever, in many cases high concentratons of centers
are diflicult to prepare or are intolerable for phvsical reasons. The right axic of Figure 3
gives the center concentration N, under the assumption that the maximum media thickness
I - 100 gm s used.

The results of this analyvas clearly show that a suitable PSHB material has to contamn
a center concentration in excess of 107 em U In case of gated PSHBL the achievable vield
n. depends through complex relationships on the microscopic processes invohed m the
photo-mduced material trandformation as well as the amount of write power avanlahle for

the fiequency selective exatation and the subsequent gating processs I addition, specirai




broadening of the produced hole, cither by saturation of the transition or by excessive
hole-burning, imposes a limit on yicld 7. For this analysis, 1t scems ;ustified to restricr the

hole-burning vield to ». < 0.1. The o, - N,L parameter space shrinks rupidiv as oy,
decreases. In order to successfully mmplement a frequency domam optical storage svstem
bascd on gated mechanisms, it is critical to find a material that permits pated PSHB with

very high efliciency in the short writing times required for fast data transfer rates.

5. STATISTICAL LIMITS: STATISTICAL FINE STRUCTURE

A second fundamental imit on PSHB is the recently observed statistical fine structure
(SE'S) on the inhomogencous line[7]. SIS arises from the fuct that everv nhomogencous
profile 1s actually composed of a large number of discrete homogencous (1 orentziany fines
that superpose to give an overall Gaussian cnvelope.  Upon close inspection of the
inhomogeneous line of pentacene molecules in p-terphenyl crvstals, 1t was recently proven
by direct observation [7] that a fundamental “spectral noise” (SES) s present due to numiber
fluctuations in the spectral density of absorbers with optical wavelength.

The source of these fluctuations of the optical absorption with frequency mav be
understood in the following manncr.  Duc to tac randomness assoviated with the
imperfections in the host material, inhomogencous absorption hnes (at least near therr
centers) arc often approximated by smooth, Gaussian proiles[ 19]. Towever, «cince the
inhomogencous line on a microscopic scale is simply a  superposiion ol diserete
homogencous lines with widths as much as 1000 times narrower than the overadi
inhomogencous profile, the true shape of the inhomogencous line cannot be a <mocth
function in reality. In fact, unavoidable number fluctuations in the density of abworbers per
unit wavcelength interval should give rise to a “spectral noise” o the overall Gaussian
background that scales as the square root of the mean number ol centers i reconance. To
be precise, defining the average number of centers in the probed volume within one
homogencous width ol the laser wavclength as N there should be a statistical fine structure
(SE'S) present on the absorption profile scaling in absolute magnitude as \/'\'7,, (n the himao
of Ny>>1 ) Since SFS arises from the absorption of manv overlapping mpunt
absorptions, the absolute magnitude of the SES as clearly Targer than a «nele molecule
absorption signal (where Npy~1).

The recent observations of SI'S i the pentacene in p terphenvt svstem were achieved
using the highlv  sensitive,  high resolution technique  of Taser Gequenes-modulation
spectroscopy (FMS) [20] to probe the opuical absorption m oo zere-backpround manner
sensitive only to narrow spectral features. Furthermore, since 1t conree sa randon process,
the SES spectral structure changes for different probe volumies, and an SES Lindscape ol
the inhomogencous hne can be pencrated by acgmnmy SES spectra as o funcnion of o

spot position, as m gure
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Fig. 4 Surface plot of SFS spectra at different laser spot positions. Ilach SIFS spectrum is
thc average of 64 scans over the same range of frequencies. A total of 101 spectra were
obtained, each with the laser focused to a 20 um spct on the sample and with the laser snot
position displaced by 2 um along a single spatial axis between spectra.

The bumps and valleys in this figure may be regarded as the "fuzz” on the top of the
“haystack” represented by the pentacene inhomogencous line that results from the statistics
of independent, additive random variables. For this data, Ny ~ 10°.

The rms amplitude of this spectral structure was obscrved to scale as the square root
of Ny [7]. Furthermore, SI'S may ve used to advantage in that autocorrelation of the
measured spcctra can provide a measurc of the underlying homogenecous width[21]. In

recent measurements, SIS has been observed for Nd3* ions in a silica fiber[22,23].
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Fig. 5 I'M spectra at 1.4 K ncar the peak of the O absorption at 592.3 nm for pentacene
in p-terphenyl. The two traces illustrate the structure of the inhomogencous fine before and
alter the burming of a persistent spectral hole. Sce Ref. [7].
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It is easy to sce that SI'S represents a fundamental limit on the detectability of shallow
spectral features in inhomogencous lines. To illustrate this, Figure S shows a portion of the
optical spectrum of pentacenc in p-terphenyl before and after a spectral hole was burned in
the inhomogencous line. Viewed another way, SFS places a lower limit on the density of
absorbers in a frequency domain optical storage system, in order for the signal from spectral
holes to be distinguished from the SI'S with high reliability[3]. This issue is examined in
the next section; for reliable encoding of digital information, the spectral hole should much

deeper than the SFS signal.

6. LIMITATIONS ON STORAGE DENSITY DUE TO SI'S

The high storage density made possible by PSIIB is based on the capability of selectively
addressing subclasses of ions or molecules contained in cach irradiated spot of recording
medium. The stress-induced variations in the local environment of the storage centers are
random in nature and conscquently centers with a particular resonance frequency are
randomly distributed in the host material. As shown above, a tightly focused laser spot
may interact with such a small ensemble of centers that statistical number fluctuations on
the inhomogeneously broadened line become noticeable.  This fundamental source of noisc
imposes a limit on the achicvable storage density for a given concentration of storage
centers[3].

The essential requirement is that the number-fluctuation noisc be sufficiently smaller than
the depth of the written holes so that the required SNR can be obtained for data readout.
The number-fluctuation noise is given by \/W, where V is the focal volume in the
recording medium, 1.c., V= nwil. with where L is active samplec thickness and wq the radius
of the focused beam waist. The sample thickness is approximately limited to the Rayleigh
range of the waist, i.c.,, L~nw2/1. The achicvable arcal storage density 1s approximately given
by  De>f,/(2w.)?, where f, is the storage capacity of the frequency domain
(fo~Aw g/ Awnem). The relative hole depth (AN,)/N,, is given, as belore, by the cllective
hole-burning yicld 5., For cach center concentration, the maximum storage density is
estimated by applying the condition that the relative hole depth be larger than the relative
statistical fluctuations of the number of centers in the volume V by a factor cqual to the
rcquircd SNR value. This is cquivaient to rcquiring that the photon shot noise be larger
than the statistical fluctuation noisc in the rcadout signal.

Based on these fundamental considerations, it can be shown readily that for a given

center concentration Ny, a maximum storage density of
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can be obtained, where SNRj is the required value of SNR (voltage ratio).

102 T T
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Fig. 6 Maximum storage density in FDDOS achievable versus total concentration of centers,
with effective yield #. and frequency-domain storage factor f,, as paramcters.

Figure 6 shows the predictions of Eq. (4) with 5. as a paramecter, SNRgo =20, and
f, = 1000. For this value of [, the storage density is furthermore limited to < 10" bits/
cm? due to the ~ lum diffraction limit for the laser bcam diameter. The dotted line gives
thec maximum storage density for f,=10* and n.=0.1. These results indicatc that it is
advantagecous to maximize the storage capacity of the frequency domain and the
hole-burning yicld while keeping the spatial resolution of the focused laser beam at moderate
levels. For simplicity, contributions from other noise sources have been neglected for this
rather fundamental discussion of statistical noisc. Thus, these considerations arc applicable
to any I'DOS configuration independent of the particular readout scheme.

For example, assuming a laser spot size of 10um diamcter and f, = 1000 (i.c., a storage
density of ~ 107 bits/cm?), minimum center concentrations of Ny = 5 % 10'° ecm 3, § x
10" em 3 and 5 x 10" ¢cm 3 are required for a hole-burning yicld of . = 0.001, 0.01 and
0.1, respectively.  Comparison of these values with Fig. 3 shows that statistical number
fluctuations arc not the dominant noise sourcc for this storage density. Iowever, Fig. 6
indicates that very high storégc densities in excess of 10'% bits/em? can only be achicved
with PSHB matcerials with very high yield and ccenter concentration.  In order to achicve a

given storage density, a suitable recording material has to also vyicld sufficient SNR as
computed from Iiqs. (2) and (3).
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6. AN ULTIMATE LIMIT: SINGLE-MOLECULE SPECTROSCOPY IN SOLIDS

A final limit on PSIHB is suggested by the recent observations of the optical absorption
spectrum of a single impurity center in a solid[8]. As opposed to single ion spectroscopy
in vacuum clectromagnectic traps[24], in a solid at low temperatures the absorbing center is
essentially at rest, confined by the host lattice, and thc normal averaging over many
“equivalent” centers is removed.

It is certainly within the recalm of possibility that in a material with a carefully chosen
(gated) hole-burning quantum efficiency, the isolated Lorentzian spectrum of a single
absorber could be recorded, the absorber could be induced to undergo a phototransformation
that causcs its absorption to perhaps move to another wavelength, and the resulting lack
of absorption at the original wavelength could be interpreted as information. In preliminary
experiments with the extremely weak hole-burning for pentacene in p-terphenyl, disappearing
single-molecule spectra were observed, though not reliably. It is true that the stochastic
nature of the phototransformation for one center introduces considerable uncertainty in the
burning time. The possibility of using this effect for storage on a molecule-by-molecule
basis, although intriguing, is not actually practical due to the fimits on laser spot sizes posed
by diffraction. However, if a necar-field optical recording scheme could be realized,

single-center optical recording might become feasible.

7. CONCLUSION

The lmitations on PSHB for FDOS applications resulting from quantum shot noise,
power broadening, and number {luctuations can be used to determine the optimal materials
paramcters for this application. The challenge of molccular engincering is to produce a
material satisfying these requircments. On the other hand, alternative configurations for the
storage system involving holographic or time-domain readout may alter thc required
propertics. In any casc, photon-gating with its built-in threshold would be generally expected

to improve performance for all storage applications.

This work was supported in part by the U. S. Oficc of Naval Rescarch. The author
acknowledges fruitful collaborations with T. P. Carter and 1.. Kador on the SI'S and SMD

measurements, respectively.

REFERENCES

L. See W. k. Mocrner, ed., Persistent Spectral Hole-Burning: Scicnce and Applications,
Springer, Berlin, 1988, and references therein.

2. Sce Chapters 1 through 6 of Ref. T for a review of manv photophyvsical and
photochemical mechanisms for persistent spectral hole-burning: also sec 1. Friedrich

14




and D. Haarer, Angew. Chem. Int. Ed. Engl., 1984, 23, 113; R. Jankowiak and G.
J. Small, Science, 1987, 237, 618.

See W. E. Moerner, W. Lenth, and G. C. Bjorklund, "[Frequency Domain Optical
Storage and Other Applications of Persistent Spectral Ifole-Burning,” Chapter 7 of
Ref. 1, and references cited therein.

W. E. Moerner, J. Molec. Elec., 1985, 1, 55.

W. E. Moerner and M. D. Levenson, J. Opt. Soc. Amer. B: Optical Physics, 1985,
2, 915. )

D. M. Burland, . Carmona, G. Castro, D. Haarer, and R. M. Macfarlane, IBM
Tech. Discl. Bull.,, 1979, 21, 3770.

W. E. Moerner and T. P. Carter, Phys. Rev. Lett., 1987, 59, 2705.

W. E. Moerner and L.. Kador, Phys. Rev. Lett., 1989, 62, 2535.

W. E. Moerner, M. Gehrtz, and A. L. Huston, J. Phys. Chem. 1984, 88, 6459,

W. Lenth and W. EE. Moerner, Opt. Commun. 1986, 58, 249.

As for example with dimethyl-s-tetrazine. See D. M. Burland and D. laarer, IBM
J. Res. Devel. 1979, 23, 534, and references therein.

R. M. Macfarlane, J. Lumin., 1987, 38, 20.

W. E. Moerner, to appear in Japan. J. Appl. Phys., 1990.

A. Winnacker, R. M. Shelby, and R. M. Macfarlane, Opt. Lett. 1985, 10, 350.

A. Winnacker, R. M. Shelby, and R. M. Macfarlane, J. de Phys. Colloq. C7, Suppl.
10, 1985, 46, C7-543.

T. P. Carter, C. Brdauchle, V. Y. Lee, and W. E. Moerner, J. Phys. Chem. 1987, 91,
3998.

W. E. Moerner, T. P. Carter, and C. Brduchle, Appl. Phys. Lett. 1987, 49, 430.

W. P. Ambrose and W. E. Moerner, submitted to Chem. Phys. Lett. 1989.

A. M. Stoneham, Rev. Mod. Phys. 1969, 41, 82.

G. C. Bjorklund, Opt. Lett, 1980, 5, 15.

T. P. Carter, M. Manavi, and W. E. Moerner, J. Chem. Phys. 1988, 89, 1768.

W. Brockelsby and B. Golding, reported at the March Meceting of the American
Physical Society, St. Louis, Missouri, March 24, 1989.

W. M. Yen, in Laser Spectroscopy of Solids 1, W. M. Yen, cd., Springer, Berlin,
1989, 23,

W. M. Itano, J. C. Bergquist, and D. J. Wincland, Science 1987, 237, 612.

15




